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Abstract 
The 4n - fragment - spectrometer FOBOS developed for heavy-ion research at beam 
energies of 10 1100 AMeV has been commissioned for physical experiments at the Elerov 
Laboratory of Nuclear Reactions of the Joint Institute for Nuclear Research in Dubna. 
Based on the logarithmic detector principle, it is able to register charged fragments from 
Protons up to heavy residual nuclei in a lage  dynamical range. Position-sensitive avalanche 
Counters, axial ionization chambers and CsI(T1) scintillation detectors are arranjrd in three 
concentric detector shells. An array of phoswich detectors is used as a more granular 
forward detector at narrow polar angles. The modular concrpt of FOBOS allows for 
different experimental application in the tiefü of exclusive fragment spectroscopy at 
medium multiplicities. For illustratiun the fragmerit spectroscopy studies concerning the 
spontaneous fission process and the fragntentation of hot nuclei by means of the FOBOS 
set-up are considered. 
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The 4.n-fragment-spectrometer FOBOS [1,2], the construction of which was first 
conceived in 1984 [3], with the aim to study heavy-ion induced reactions in the low- and 
intermediate-energy regions between 10 and 100 AMeV, is now regularly operating in its full 
configuration at the Flerov Laboratory of Nuclear Reactions (FLNR) of the Joint Institute for 
Nuclear Research (JIIYR) in Dubna. 
FOBOS was originally planned to operate with the beams of the then proposed 
cyclotron-tandem facility [4]. Presently, it is nevertheless using the heavy-ion beams emanated 
from the isocronom cyclotron U-400M, recently equipped with an ECR ion-source [5],  an 
arrangement which for ions up to about Xe provides nearly the Same beam energies as those 
expected from the cyclotron-tandem concept [6].  By means of projectile fragmentation, 
radioactive secondary-ion beams also became possible. This Opens new perspectives for 
heavy-ion research in the above mentioned energy region. 
The spectrometer FOBOS is specially designed for reaction studies in direct 
kinematics, i.e., for reactions where a light projectile irnpinges upon a heavy target nucletis. 
For bombarding energies higher than about 20 AMeV, the complete fusion scenario changes 
over to an incomplete fusion mechünism, and therefore, the linear momentum trünsferred 
(LMT) to the compound-like system stays relatively moderate. Depending on mass, excitation 
energy (E*) and angular momentum, the decay of this complex system is mostly characterized 
by the emission of a fairly large number ( = 10 s30) of neutrons, a medium number OE light 
c h q e d  particles (LCPs), fission, yielding two fission fragments (FFs), ancl/or rhe emission of 
a small number of intermediate mass fragments (IMFs), conventionally defined as having 
masses between an a-particle and FFs. FOBOS is able to register c h q e d  reaction products 
only, ranging from Protons up to heavy residues (HRs). The charged ejectiles resulting from 
the above mentioned decay patterns may be emitted in any direction in space. Therefore, a 
spherical detector design was conceived in order to Cover most of the solid angle around the 
target, and consist of ü 32 face truncated isocahedron in which 20 of the faces are regular 
hexagons and 12 are regular pentagons, respectively. 
To perform exclusive spectroscopy of charged frügnients w e r  a brottd dynatirical 
range, covering lxge intervals of atomic number (Z), mass number fA) 2nd solid an& (AG], 
requires reasonable compromise between rqistrarfon efficirncy, derecztor grtinulariry, 
detection thresholds arid co~inting rates. With this aim, thi: so-ctilled lo=:trithtnic detectim 
principle is invoked, whereby a successive increase of stopping power along the flight path of 
the particles is performed by combining different detector types (mainly gas-filled and solid- 
state detectors). A spectrometer designed next to these lines often ends having a rather 
heterogeneous construction and, for technical reasons, seldom achieves full geometrical 
efficienc y ( 4 ~ ) .  
In the particular case of the spectrometer FOBOS, the above principle is fulfilled by 
the combination of three consecutive shells of particle detectors and a more granular forward 
array. The inner detector shell, consisting of 30 position-sensitive avalanche counters 
(PSACs), and the relatively long flight path of 50 crn between the target and shell, provides 
the means for a very precise time-of-flight (TOF) and coordinate (X,Y) measurement of 
fragments with Z 2 2. Furthermore, the TOF and pulse-height (AE) information of the PSACs 
makes possible a rough Z-identification of heavy species, e.g. HRs, not reaching the next 
detector shell. 
The second detector shell, consisting of 30 axial Bragg ionization chambers (BICs), 
measures the stopping power of the fragments along their path within the gas volume (Bragg 
ciirve). The residual energy (ER) and the magnitude of the Bragg-peak (BP), being a measure 
of the fragment charge (Z), are directly derived. From the TOF and the EI< information, the 
fragment masses (mi) can be caIculated by making suitable corrections to the energy losses in 
the penetrated detector materials. Adding to this the coordinate information, the momentum 
vectors b i )  of each fragment can be derived "event by event" in an independent manner. This 
feature is a necessary condition for exclusive measurements. 
For the detection of energetic LCPs (Z = 1+2) a third, more granular, scintillator shell 
of CsI(T1) detectors [7,8] is arranged behind the BICs. The PSACs and BICs are not sensitive 
to low ionizing fast LCPs and, consequently, the Passage of these particles through these 
detectors does not affect the registration of other fragments. Therefore, independent 
correlations between fragments and energetic LCPs can be studied at all possible relative 
angles, The LCPs are analyzed by their Signal pulse-height and -shape, and the well-known 
AE-E-method can be used for the identification of highly energetic M F s  that penetrate the 
BICs and are stopped in the scintillators. 
Altogether, FOBOS is arranged in 30 separate detector modules, each consisting of 
one PSAC, one BIC, ünd ü rnosaic of 7 CsI(T1) scintiliütion Counters, in that order from the 
inside to the outside, and rnounted in the regular hexagons and pentagons to face the central 
vacuurn chcrmber. Two oP thc regular pentasons of the main construction are used for the 
beam entrance and exit. A more granular concentric array of phoswich detectors (see section 
0 0 2.6) is placed inside the central vacuum chamber covering fonvard angles of 6 = 4.5 s 26 . 
Fig. 1 shows schematicdly the particle Parameters that are either measured or derived from 
the signals delivered by a FOBOS module. 
In the following chapters, the main elements of the spectrometer FOBOS are described 
in detail paying more attention to its original and advantageous features than to basic detection 
principles widely known from the literature. A few preliminary results, obtained with this new 
spectrometer in the first series of experiments during the period of commissioning, are mainly 
given for illustration of its properties. 
It should be mentioned that a similar 4n;-array for charged fragments is operating at the 
Cyclotron Laboratory of the Michigan State University, East Lansing, USA [9]. Its general 
concept resembles that of the spectrometer FOBOS, and several detection principles used in 
these two devices are almost identical. In spite of this, FOBOS has several advantageous 
features, which could be achieved thanks to various completely different technical solutions, 
due in particular to its three times longer flight path. 
F .  1 Sketch of the Parameters of chaged particles, measured or derived from the signals delivered 
by a detector module. Different methods of analysis are applied, if 
(i) only the PSAC has fired (dotted lines), (ii) the PSAC and BIC have fired (thick full lines), 
(iii) only a CsI(T1) detector (1,2,3, ,.. 7) has fjred (thin ful1 Iines), and 
Cvi) the BIC and a Csl(T1) detector have fired (dashed lines). 
The logsirithmically increasing stopping power of the different detector shells is illustrated by 
the given mean areai densities of the detector materials of the PSACs, BICs, and CsI(T1) crystals 
for typical experimental conditions. 
2. FOBOS SET-UP 
2.1 Mechanical design 
The general lay-out of the spectrometer FOBOS is schematically shown in fig. 2. The 
central vacuum chamber [I01 is a monolithic hollow body with an inner diarneter of 1330 
mm. Viewed from the outside, the shape is a precisely manufactured (f 0.2 mm) 32-face 
truncated isocahedron with circular holes in the centers of the hexagonal ( 0  = 480 rnm) and 
pentagonal ( 0  = 380 mm) surface elements, where the 20 large and 10 small detector modules 
are mounted. The angles (6,q) of the centers of the modules are given in tab. 1. 
The entrance tube to FOBOS has an inner diameter of 300 mm. A cone of 6 =: 12' at 
the beam exit can house a Special fonvard array. Two carrier columns support the detector 
axis at both sides. The evacuation of the central volume is performed along the main axis. The 
vacuum connections to the beam line make possible the rotation of the fully mounted FOBOS 
device for changing the modules and performing other Services. 
The hexagonal- and pentagonal-shaped frames of the PSACs are mounted separately in 
front of the BIC entrance windows. Part of the mechanical structure of the BICs protrudes into 
the central vacuum chamber. The PSACs of the first detector shell also form a truncated 
isocahedron-like shape at a distance of about 50 cm from the target (fig. 2). Their sensitive 
areas are circles of diameters 0 = 327 mm and 0 = 243 rnrn for the large and small detector 
modules, respectively. 
The conical-shaped BICs have apertures of 260.0 msr (A6 = 33-08' ) and 167.8 msr 
( A 6  = 26.54' ), respectively. This results in a total solid angle of 7.1 sr (56.5 % of 47~) 
covered by the PSACs, and 6.88 sr (54.7 % of 4n) covered by the BICs. 
The mosaics of 7 hexagonal-shaped CsI(T1) crystals are positioned together with their 
light-guides and photomultipliers inside the B K  cases covering 84 % of the BIC aperture. 
Rubber rings pressed on the phototubes serve as seals between the gas volumes of the BICs 
and the atmosphere. 
The forward array of 92 phoswich detectors, arranped in 6 concentric rings around the 
beam axis at distances of 10 25 Cm from the tarpet, Covers an interval of polar angles 
between 6 = 4.5' + '76.5'. It can be inserted into the central vacuum chamber through the exit 
cone. The outer ring of the fonvard array slightly overlaps with the BICs positioned in the 
forward direction at C IY > = 37.4'. 
Fig. 2 
8 
Fig. 3 General lay-out of the FOBOS spectrometer. Cross-sectional view of the central vacuum 
chamber with mounted detector modulzs (upperpart). The beam enters from the left side. 
The exit cone at the right side houses the forward array. A cross-sectional view of the 
forward array is shown in the lower part. (For more clearness only half of the phoswich 
detectors are drawn.) The mechanical arrangement of five large hexagonal PSACs surrounding 
one small pentagonal PSAC is shown in the central part. The circles define the sensitive areas 
of the PSAC. 
2.2 Position - sensitive avalanche counters 
The PSACs are based on the principles described in ref. [I I]. Three thin Mylar foils 
(1.2 pm) are used as cathode and PSAC windows. The central cathode-foil is covered by 40 
pg cm-' thick Au layers and delivers the timing signal. Two perpendicular wire-planes (rnade 
of 30 pm thick Au-coated W, spaced by 1 mm) are positioned at a distance of 3 mm I 50 
pm on both sides of the common cathode. They serve as anode coordinate grids. The window 
foils are glued to special frames which can be changed individually in the case of gas leaküge. 
The transparency of the PSAC amounts to 92 %. 
cathode Y - wire plane 
X - wire plane 
Fig. 3 Principnl schenie of the PSAC rtzaci-out. Delay lines art: capücitively coupkd to the X- and Y- wire 
planes. Three preamplifiers (PA) for the coordinates and h i n g  signals are directiy mounted to the 
PSAC fnime. A Frist linear amplifier (FLA) for the timing signal (TOF) drives die long c&le line 
to the front-end electronics in the ineasurernent hall. A CAblAC rnndule contriins the three 
constant fraction discriminators (CFD). 
Pairs of neighbouring coordinate wires are connected to conductive strips which are 
capacitively coupled to a wound read-out delay-line of 1.4 ns rnm-I specific delay and 560 C2 
impedance. The delay lines of the two coordinate grids are matched with resistors at one end 
and coupled to special read-out amplifiers at the other end. The cathode read-out circuit 
delivers an amplified current signal for timing and a charge signal for pulse-height analysis. 
All electronic channels are protected against damage if spark discharges occur in the Counters. 
The surface-mounted circuits and the delay lines are placed in non-sensitive areas directly 
inside the PSAC frames. The spatial resolution of the PSACs amounts to Ax = Ay = 1.5 
mm. A principal scheme of the PSAC read-out is shown in fig. 3. 
The counter gas is Pentane at a pressure between 200 Pa and 800 Pa. The voltage 
(typically = 500 V) is set about 5 V below the onset of spark discharges, which may be 
induced by feed-back effects after the Passage of highly ionizing particles. This voltage level 
g~iarantees an effective registration of heavy fragments with a lower threshold of = 0.05 
AMeV. The efficiency of registration for a-particles drops for energies 2 1.5 AMeV because 
of the decreasing energy loss in the sensitive volume. 
800 1000 1200 1400 
TOF I channefs 
Fig. 4 Time-of-tlight spectrum of a '" Ra 
U-source measured by a PSAC against the 
timing reference signal of a small trans- 
mission avalanche counter. The energies of 
the a-lines are given in tig. 12. 
Upper panel (a): irradiating the entire 
sensitive area; lower panel (b): irradiating 
only a small central part of the PSAC. 
The time resolution is 200 ps. 
By using a '" Ra a-source, the time 
resolution of the PSAC is measured 
against a small parallel-plate 
avalanche counter which provides the 
START-signal for the TOF 
measurement. Fig. 4b shows a TOF 
spectrum where only a small central 
area of the Counter was irradiated. The FWHM amounts typically to = 200 ps. Irradiation of 
the entire sensitive area of the PSAC (fig. 4a) worsen the resolution by a factor of about three. 
This is caused by the influence of electronic signal delays. Therefore, a map of calibrated TOF 
signals was created for each PSAC (fig. 5) which can be used for a coordinate-dependent 
correction of the measured TOF. With this procedure it is possible to reduce the coordinate 
dependence of the TOF with an accuracy of = 100 ps. 
Fig. 5 Contour plots of 
calibrated time - of - flight 
signals of a PSAC with n 
step of 0.05 ns. 
Upper panel (a): uncorrected; 
lower panel (b): corrected for 
the dependence on the PSAC 
coordinates. 
I 
Fig. 6 Coordinate spectrum of a PSAC 
measured using a Ra a-source. 1 000- 
I 
F4 I 
I 
A typical coordinate spectrum measured 
3 
s 
o with a Ra U-source is shown in 
0 
fig. 6. The shape corresponds to the 
aperture defined by the PSAC against 
the point-like source. The image of the 
I \ supporting structure of the window 
I .  I n  I 1 foil of the BIC can be seen in the 
0 500 1000 1500 2000 
coordinate scatterplot of fig. 7. 
PSAC X - coordinate / channels 
I I I 
- so 0 SO X 
PSAC coordinates / cm 
Fig. 7 Shadow Zone in the coordinate 
scatterplot of a PSAC imaging the 
supporting structure of the window 
foil of the BIC. The plot is generated 
by correlated events in the PSAC and 
the BIC positioned behind it. 
A rough selection of heavy fragments by their masses can be carried out using the AE versus 
TOF scatterplot of the PSAC (fig. 8). The ER versus TOF scatterplot (fig. 9) delivers 
fnformation about the ratio between correlated and random events, which is necessaiy for the 
correction of the results for a beam micro-structure unstüble in time. In most cases a defiecting 
high voltage near the target cannot be applied due to the residual pressure inside the central 
vacuum charnber mainly caused by the diffusion of the working gas of the BICs through the 
thin window foils. Therefore, a considerably high 6electron background ( = lo7 10 s-' ) 
correlated with the beam bunches has to be handled by the PSAC electronics. 
0 ?W 4W) 600 800 
TOF I channels 
Fig. 8 AE versus TOF scatterplot measured by a 
PSAC for the reaction "N (53 AMeV) + '"AU. 
(FF - fission fragrnents, HR - heavy residues, 
IMF - intermediate mass fragments) 
0 200 500 600 ?OD 
TOF E channels 
Fig. 9 ER versus TOF scatterplot measured by a gas- 
detector module for the reaction "N (53 AMeV) 
+ '"AU. (Note that the time interval of the registration 
of heavy residues is considerably shorter than in the 
case shown in Iig. 8.) 
Two advantages of the detector concept of FOBOS should be emphasized : 
(i) The long flight path and the timing properties of the PSAC make it possible to apply the 
TOF-ER-method for the mass determination of the fragments instead of the AE-E-method 
which has its natural energy lirnits caused by the AE-detector. In other Systems often heavy 
fragments (FFs, HRs) cannot be identified, e.g., at the 4x-array WDRA [12f where smnll 
ionization chambers deliver the AE-information, but timing cannot be used, or at the MSU 4n- 
array [9] where the compact detector design required more thick entrance windows of the 
BICs leading to considerably high registration threshoIds, 
(ii) The excellent spatial resolution of the PSACs together wirh the a'oove mentioned 
principle of mass determination enables a more precise evaiuation of the linear momenta of 
the fragments. 
2.3 Axial ionization chambers 
The principle of a BIC was first described in ref. [13]. Since the electric field is 
parallel to the direction of the incoming particles, the registered pulse-shape of a fragment 
stopped within the gas volume of the BIC represents an image of the specific energy loss 
along the ionization path characterized by the Bragg curve. The integral of the created 
electronic Charge is proportional to the residual energy (ER) of the fragment, and the 
maximum of the ionization-density distribution in the stopping path is a smooth function of Z 
(see also section 4.1.2). 
A sketch of the lay-out of the detector module is shown in fig. 10. 
Fig. 10 Sketch of the general lay-out of a detector rnodule. 
The entrance windows of the large and small BICs, made of 1.5 t 3 pm thick 
duminized NIylar, h m  diameters 0 385 mrn and 0 285 mm, respectively. The sensitive 
depth of the BICs is 250 mm. To withstand the pressure af the working gas, the delicate 
window foil, which at the same time serves as cathode, has to be supported by a twofold 
structure - a concentric heavy carrier of a transparency of 94 % and an adjacent etched Ni- 
mesh having a cell dimension of 0 2.7 mm. Cells smaller than 0 3 mm are necessary 
because, otherwise, the extremely thin foils would not hold gas pressures up to 100 kPa 
needed to stop most of the INlFs within the sensitive depth. This mesh, however, reduces the 
transparency of the entrance window to 75 %, causing the most serious restriction with respect 
to the effective solid angle (AQ) of the spectrometer. 
The PSAC foils and the BIC window foil create together a dead layer for fragment 
spectroscopy of = 0.74 .9  mg cm-'. The residual energy threshold for FFs ( = 0.3 AMeV) is 
lower by a factor of = 4 compared to the MSU 4x-array [9], while Ai2 is smaller by a factor 
of I 2. For the registration of FFs, having typical C-rn. energies of 0.5 + 1.5 AMeV, this 
seems to be a good compromise. 
The shaping of the axial electric field is performed by 5 mm spaced Cu-strips coated 
on the inner side of the conical Teflon insulator. The voltage divider provides equal potential 
steps. The advantage of using a homogeneous field, also in a BIC with a large aperture, was 
already demonstrated in ref. [14]. 
The Frisch grid is placed 10 mm in front of the anode. It consists of two perpendicular 
wire-planes (50 pm thick Cu-Be spaced by 1 mm). The anode is a 10 ym thick aluminized 
Mylar foil. The positive voltage is fed to the anode and the Frisch grid via a passive filter and 
an attenuator to achieve optimum field strength relations [15]. In typical experiments the BICs 
are filled with a P-10 gas-mixture (90 % Ar + 10 % CH4) at a pressure of 20 s 40 kPa and 
operated with an anode voltage of 1.5 + 3 kV. At the design limit of 100 kPa this voltage 
reaches 8 kV. 
Conventionally, the charge signal of a BIC is split and shaped by two different time 
constants to deduce the ER- and 2-information. In our case, the long electron drift-time (up 
to 4 PS) would cause a considerably Iarge ballistic deficit. Therefore, a new processlng method 
has been developed which derives the ER- and BP-signals directly frorn digitized signu'i 
samples. The electronic Set-up of this method has been published earlier [16], and its 
principle is shown in fig. 11. The read-out systern consists of a chw-sensitive prearnplifier, 
a Bragg curve digitizer (BCD) and a Bragg digital processor (BDP). The BK-signaf. is sh;tped 
by a short time constrint ( t = 0.2 or 0.4 ys) in a spectroscopic amplificr and further digitized 
by an 8-bit fiash ADC with a quartz-stabifized sampling frequency of 10 MHz. When a signal 
is recognized by the threshold compmtor, two arithmetic units 3re xtiwted calcultfting the 
values for ER and BP. The algorithms are schematically displayed in the bottom of fig. 11. 
The hatched areas indicate the Sums over the samples. The control logics (not shown in fig. 
1 I) organizes the coincidence condition with respect to the PSAC, a pile-up inspection, and 
the connection with the first-level trigger. The digital-processing system (two CAMAC 
modules per FOBOS module) is very simple to operate, faster than a conventional one by a 
factor of = 10, and about two times cheaper. An energy resolution of the BIC of 89 keV was 
achieved for 2 3 8 ~ ~  a-particles. 
Fig. 1 1 Principle of the digital-processing method of the BIC signal. (C - cathode, FG A - Frisch grid and 
anode, BCD - Bragg-curve digitizer unit, BDP - Bragg digital-processor unit) The hatched 
areas A, B, C, D indicate the sums over the samples. 
12W An energy spectrurn measured with a Ra a- 
source is shown in fig. 12. 
Fig. 12 Energy spectrum of a " ' ~ a  a - source 
measured by a BIC. The energy resolution 
at 6 Me\7 amounts to 1.8 %. 
A BP versus ER scatterplot measured for the reaction 1 4 ~  (34 AMeV) + l g 7 ~ u  [I73 is 
shown in fig. 13. The charge resolution obtained around Al is Z / AZ = 65. Elements are 
resolved from He up to about Fe. 
Fig. 13 B s g g  peak-height JBP) vessus residual energy (ER) scatterplot of inclusive fragments ttwa%Wd hy t 
BIC for the reaction '% (34 AMeV) + l q 7 ~ u .  Pasticle brünches of severrrl resolved eieinentr arr 
indicated. (FF - fissian fragments: IMF - intermediate mnss fragrnentsl 
2.4 Evacuation and gas - supply system 
The centrai vacuum charnber is evacuated by three turbomolecular and four cryogenic 
pumps achieving an effective pumping speed of 5000 1 s-'. The critical leakage is caused by 
the pressure-dependent diffusion rate of the chamber gas through the window foils of the BIC. 
To avoid additional leakage caused by mechanical defects, the supporting Ni-meshes had to 
be tooled very carefully, and all the foils were checked for leakage at a separate test-stand 
before they were mounted on the BIC. At a total foil leakage rate of = 0.2 mbar 1 s-', which 
is about twice the theoretically expected diffusion rate at typical BIC pressures, an ultimate 
vacuum of .= lo4 mbar can be reached inside the central vacuum chamber. 
The gas-filled detectors of FOBOS are operated in a flow-through regime to guarantee 
stable long-time working conditions. To prevent damage of the thin window foils, all 
manipulations, i.e. the evacuation from atmosphere, gas-loading, gas-flow and gas-pressure 
stabilization, gas-evacuation, air-inlet etc., have to be carried out in a strict order and with 
sufficiently long time constants. At every time, a full knowledge of the Status of the whole 
apparatus is necessary. Therefore, a computer-controlled evacuation and gas-supply system 
was developed [18, 191. 
The gas-detector modules are divided into 10 independently operated groups of three 
modules each. The inputs and outputs of the PSACs and BICs are connected via individual 
valves and flexible pipes to the collector rings, located at the front and rear sides of 
FOBOS (fig- 21, and further to the mass-flow regulators of the gas-inlet and the pressure 
stabilizers and evacuation system, respectively. 
Special Sensors and mini-valves are mounted directly to the PSAC frames to limit the 
pressure gradients at the PSACs to a value of = 1500 Pa. In the case of accidental pressure 
rnismatching the mini-valves immediately connect the PSAC volumes with the central 
volume. The total leakage rate through the PSAC window foils is about one order of 
magnitude lower than that through the BIC window foils. 
The P-10 gas for the BICs is rnixed on-line by controlling the respective mass-flows of 
the components. A gas analyzer is permanently checking the gas composition as necessary test 
for fixing the electron drift-time, and with it the energy resolution of the BICs during a long- 
time expenment. Several series of tests were performed to optimize the gas flow-through 
regime. For example, the infiuence of the gas quaiity on the Signal amplitude of a BIC [20] 
is shown in fig. 14. The gas exchange rate of the BICs can be adjusted at the inlet collectors. 
A full gas exchange takes about 6 hours. All pressures are stabilized to an accuracy of 1 5%- 
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Fig. 14 InBuence of the changing gas quality on 
the signal pulse-height of a BIC operated 
ina  stationary regime with P-10 at a 
pressure of 260 mbar. 
The Computer control of the evacuation and gas-supply System of FOBOS is based on 
a Siemens SX Automation System including graphical visualization of the status on an X- 
terminal (fig. 15). 
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Eig. 15 Graphical visualization of the status of the evacwition and gas-supp- systein on ~iri 
X-terminal. The rernote control of some evacuatiio devices is possibb. 
The instant pressure values at 63 measuring points and the gas flows through 11 
regulators are recorded on-line by a SUN Sparcstation SLC and visualized for inspection. 
During the operation a full protocol of the entire System is created (fig. 16). 
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Fig. 16 Snapshot of the on-line protocol of the operation of the evacuation and gas-supply System generated 
on the SUN SparcSLC terminal. 
As an example, the process of the controlled gas inlet into five of the BIC (MI 1 - 15, third column) 
is shown. The immediate reactions of the vacuum in the central charnber (MIO), of the P-10 gas 
pressure at the BIC input (M28), of the methane and argon flow rates (M24, M25), the stability of 
the on-line gas mixing ratio (M33). and the pumping speeds at the BIC outputs (M142 - 145) are 
followed in time to avoid any damage in the gas-detectors. 
2.5 Scintillator shell 
A shell of CsI(T1) detectors [7,8] is arranged behind the BICs to register low ionizing 
LCPs and energetic IMFs which penetrate the gas-filled detectors. It consists of 210 
hexagonal-shaped crystals of thicknesses 15 mm and 10 mm at angles of 6 = 19"s 52' and 6 
= 53' + 162', respectively. These thicknesses make it possible to stop Protons and a- 
particles with energies up to 64 AMeV and 50 AMeV, respectively. The angular resolution is 
limited by the dimensions of the crystals to 10' s 12". 
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The scintillators are coupled by 
hollow diffuse-refiecting light-guides to 
large-area spectroscopic photomultipliers 
of the types FEU 167 ( 0 120 mm) 
and FEU 173 ( 0 170 mm) (fig. t 7). A 2 
Pm thick aluminized Mylar refiector in front 
of the crystals enhances the light output. 
Fig. 17 Sketch of the general laysut OE a Csl(Ti) 
scintillation detector (PM -photoniultiplier). 
The detectors are optimized to have a weak position dependence of the light 
collection ( = 5 % ) and a typical energy resolution of .= 8 % for a-partides at 5 MeV 
energy [7]. The photomultipliers are surrounded by cylindrical magnetic shields. 
The LCP-identification is carried out by application of the pulse-shape analysis 
method [22], Governed by the intrinsic features of TI-activated Cs1 the pulse-shape of thc 
scintillation light depends on the ionization density in the particle trück. The pulse-shripe is 
characterized by several components of different decay times. Thc decay time of the fast 
component ( tpi\sf ) and the ratio of amplitudes of the main slow to Ihe fast component 
(hsLow / hFASI) are smoothly decreasing functions of the stoppirig poxver (dE I ds) [?J]. 
Integrating the current signals of the photomultipliers &hin ttvo well-t-justed tirning 
gates (FAST : At, = 0 + 400 ns; SLOW : At2 = 1600 + 3600 ns) LCPs with Z < 3 itrc welt 
separated by their atomic and mass numbers. A scatterplot illustrating the LCP-identification 
is given in fig. 18. 
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Fig. 18 Scatterplot of the LCP-identification matrix (LSLOW versus LFAST) measured by a CsI(T1) scintillation 
detector applying the pulse-shape analysis method. The particle branches of Protons, deuterons, 
tritons, He-isotopes and Li-isotopes are indicated. 
Correlated events in a PSAC and a scintillation Counter image the geometry of the 
CsI(T1) crystaf (fig. 19). The particle identification of such events (e.g. energetic IMFs 
penetrüting the BICs) can afso be performed by the AE-E-method (fig. 20) using the energy 
loss in the BIC @EBIC"f and the light output (Es) of the scintillator. By this means the 
dynarnical range of the FOBOS detector is considerably enlarged with respect to IMF 
spectrometry. 
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Fig. I9 Coordinates scatterplot of correlated events Fig. 30 Chrirged - particle identificütion matrix 
recorded by a PSAC and a CsI(T1) detector measured by application of the AE-E-method. 
positioned behind it. The geometry of the (AEBIC - energy loss in the BIC; Es - residual 
CsI(T1) crystal is imaged. pulse - height of the fast part (LFAST) of the 
CsI(T1) detector signal ) 
2.6 Forward array 
For geometrical reasons the minimum acceptance angle of the FOBOS 
spectrometer is 6 = 21'. Forward directed fast reaction products cannot be registered by the 
gas detectors. Therefore, part of the former ARGUS detector array [24] was modified to be 
used as a forward array at FOBOS. It can be installed inside the central vacuum ehamber 
through the forward (exit) cone (fig 2). The detector geometry of the forward array is given in 
tab. 2. The forward array consjsts of silc concentric rings of altogether 91 phoswich detectors, 
each being a combination of a 0.5 mm thick fast scintillator (Pilot-U) and a 20 mm thick S ~ O W  
3GO scintillator. This allows one to stop protons (a-particles) with energies up to = 100 
AMeV. The element identification is possible up to S = 15 with a thfeshofd fror LCPS of 
= 5 AMeV. 
A simple puise-psoeessing concept E251 has been modifified for its application to 
phoswich detectors. The idea was to separate the fast cornponent (LFAST) of the phoswich light 
pulse (LTOTAL) by a specific analog differentiation of the current signal of the 
photomultiplier. Only two integration gates (A~FAST = 100 ns and A t T O ~ * ~  = 400 ns) common 
for all phoswich detectors are then necessary. 
A particle-identification matrix (LFAST versus L T ~ ~ ~ ~ )  of a phoswich detector meusured 
for the reaction 4 0 ~ r  (36 AMeV) + 14'crn is given in fig. 21. Fast projectile-like fragments of 
all possible Z can be observed, and also particle branches of H- arid He-nuclei and light MFs. 
Since the element resolution of a phoswich detector strongly depends on the exact setting of 
the integration gate of the fast component, a slightly lower resolution compared to the case of 
using individual integration gates for all the detectors 1241 is expected. Nevertheless, this 
read-out system is very compact and not expensive. 
rn logl rn 2m ~501 m rn 
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Fig. 2 t Chargerl - pnrticle identifica~lon matrix (LFAST versus LToTAL) measured by a phoswich detector 
of the forward array 3t t? - g3 for the reaction "Ar (36 AhfeV) + 2 4 a ~ r n  (PF - projectile-like 
frügrnents, Z - atuniii: nümnber cf charged particles identified]. 
3. DATA ACQUISITION SYSTEM 
3.1 First - level trigger 
The first-level trigger of FOBOS [21] is usually generated by the gas detector part, 
while the scintillators are read-out in the slave mode. In special cases a trigger can also be Set 
by the scintillator shell andlor the forward array. The entire TTLIECL-based hardware of the 
trigger logics fills one CAMAC crate. It delivers either the LAM demand for data storage or a 
general RESET if after an inspection the event pattern requires a rejection of the event. 
Provided the digital processor (BDP) is not busy, a timing signal of the corresponding 
PSAC passes a special blocking and pile-up inspection unit (LBIN) which is connected with 
the control logics of the BDP. Then, an event gate is opened for a duration of At = 200 ns, a 
bit in the coincidence pattern register is Set, and a TDC is started, which will be stopped by the 
next arriving RF-signal from the cyclotron. The event pattern is analyzed by a majority 
coincidence unit connected with the central event selector which induces a LAM demand if 
a preset multiplicity condition is fulfilled and there was no signal pile-up. Optionally, the 
following conditions may be used either to reject the event or to labe1 the affected parameters : 
(i) There is another PSAC signal in the time intervals 12 ps before and 6 ps after 
the event, respectively. 
(ii) There was another BDB threshold-comparator response in the time interval 10 
ps before the event. 
(iii) The trailing edge at the threshold-comparator of the BDP is outside a certuin 
time interval related to the maximum electron drift-time of the BTCs. 
After a LAM demand has been recognized, the VME processor first reads the 
coincidence pattern register and then the conversion results of the TDCs (TOF) and BDPs 
(BP, ER ) which had fired. Subsequently, the QDCs of the scintillator shell ünd the foward 
array are sewiced. Consequently, the blocking signals (BLK) of the LBlNs are removed, sind 
the System is ready for handling the next event. 
The counting rates for events of different fragment multiplicity naturalfy differ by 
orders of magnitude. A special unit (major divider) which allows one to modi- the accepted 
rates concerning the event multiplicity was developed to optimize the data storqe, 
A principaf scheme of the front-end electronics of a gas-detector module md part 
of the first-level trigger is shown in fig.  23. 
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Fig. 22 Front - end electronics of a gas - detector module and part of the first - level trigger. 
(LAM - "look-at-me" CAMAC signal; BLK - blocking signal; RF - radiofrequency signal 
from the cyclotron) 
3.2 Read - out electronics 
Ten CAMAC crates housing the digitizing electronics of the gas-detector part and the 
control logics, and one FASTBUS mini-crate used for the photomultiplier read-out of the 
scintillator shell and the forward array, are connected with a main VME crate by means of the 
parallel VSB Differential Bus Extension (VDB bus). The VDB bus is well suited for multi- 
crate Systems where different bus Standards have to be controlled. A single-board computer 
EUROCOM-6 with a 68030 CPU builds the event data blocks [26]. 
The CAMAC-to-VSB interface is a single-width CAMAC crate controller STR 610 / 
CBV 1271 driven from the VME Subsystem Bus (VSB) via the VSB Differential Cable. The 
specification of the CBV is similar to the CAMAC crate controller of type Al.  It maps a 
portion of the VSB address space to the CAMAC - "'C,N,A,F" and generates single CAMAC 
cycles from each proper VSB cycle. 
The FASTBUS mini-crate contriins a 68030-processor board (GERN Host Interface, 
CHI), an I/O-Port, a LAN Ethernet module 1-71 and six 96-chünnel FASTBUS QDCs 
(C.A.E.N. F683C [28] and LeCroy [29]). The VSB YO-Port provides an efficient interface 
between the CHI and the VME workstation where the CHI is operating in the VDB slave- 
mode. The CHI data memory is directly mapped into the local VSB address space, and the 
EUROCOM-6 processor module is treated in the Same manner as any local memory. 
The VME workstation sends the data blocks via Ethernet (LAN) and a fiberoptical link 
to a SUN Sparcstation-10 which writes them "event by event" to the mass Storage memory. 
The architecture of the data acquisition System is schematically shown in fig. 23. The 
maximum data rate with respect to the gas-detector part of FOBOS is about 200 kbyte s-'. Due 
to the conversion time of the FASTBUS QDCs (1 ms) residual rates of 50 100 kbyte s" are 
typical for the whole spectrometer. Therefore, the maximum permitted counting rate of 
FOBOS becomes = 500 + 1000 events s-'. This rate is, however, restricted by other 
experimental requirements, e.g., a low rate of random coincidences etc. 
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Fig. 33 Architecture of  the data acquisition and the gas-vctcuum systeni (GVS) nrtwosk. 
(LAN - local net; VDB - W B  differential bus) 
The EUROCOM-6 and the CHI are operating under the Microware real-time 
operating system OS-9 (professional). All time-critical tasks are moved to the module 
processors. The data acquisition control program (COLLECT) runs on the SUN Sparc- 
Station -10. Quasi-on-line monitoring of the recorded data is performed using several AT 486 
personal computers (PC) and the ATHENE data analysis software [30] which via LAN 
organizes a direct access to the data just written to the disk memory of the SUN 
Sparcstation - 10. 
3.3 Experimental data structure 
The list-mode data structure is adopted from the VMS-based data acquisition system 
HOOPSY [3 11 in order to use the available OLYMP data analysis package [32]. It is niodule- 
oriented by an event-pattern register containing information abo~it Iired PSACs, CsI(T1) 
detectors and groups of phoswich detectors. Up to 10 parameters can be defined to be read out 
in correlation with one pattern bit, and altogether 3000 parameters can be handled by the 
progrum COLLECT. On average, a valid event is characterized by about 30 + 40 parameters 
which are stored within less than 2 ms. 
The data file structure is characterized by sequential event storrige into data blocks of 
fixed length. A header containing inforrnation about the data file structure (defined 
parameters) is assigned to the ATHENE prograrn for quasi-on-line or off-line data analysis. 
3.4 Data analysis software 
The ATHENE code 1301 was especially designed for a distributed analysis of the data 
obtained at the FOBOS spectrometer using IBM PCs of type AT 386/486. A new more 
powerful version (ATHENE94) [33] written in the object-oriented language C++ [34, 351 
was developed for real-time data processing on computers with UNIX-like operational 
Systems and an X-WINDOWS environment [36]. 
The program allows to read data written in the formats of the programs CAMDA 
[37], HOOPSY [3 11 and OLYMP [32]. Special transformation algorithms to read data written 
in other formats are available. 
Via the Menu, the User has the possibility to accumulate and to visualize up to 20 
ordinary histograms and up to 50 color scatterplots, he can produce new duta files reduced in 
the event diniension andlor selected by sorting conditions (gates) in the formats of CAMDA 
or OLYMP. The user can also execute a number of analysis operations acting on these 
histograms, such as simultaneoiis displtiying of several histograms, linear/iogarithrnic scaling, 
setting gates within the histograms or scatterplots, calculating spectrum parameters and 
statistics, etc. He can interactively drive the process of data üccumulation by setting both the 
parameters and relevant selection criteria for every histogram, scatterplot or output data file. 
All the configuration conditions concerning parameters, histograms, plots, gates, selection 
criteria, etc. as well as the content of any histogram or plot can be saved to a disk file and 
retrieved. 
4. CALIBRATION PROCEDURES 
4.1 Calibration of the parameters measured by the gas - filled detector modules 
The use of gas-filled detectors for the measurement of charged particles implies the 
important advantage, that there is a linear and charge-independent correlation between the 
stored raw data and the corresponding physical values. Hence, the transformation of the 
measured data - the PSAC-coordinates (X,Y), the fragment TOF and energy ER - into 
physical units requires the deterrnination of only two calibration constants for each of the 
parameters. 
However, in any case it is necessary to record some calibration events within the 
collected spectra, which result from fragments with known quantities. A well established 
practice to generate such events is to carry out special measurements with calibration sources ( 
e.g. a-particle ernitters or spontaneously fissioning nuclides) or the impinging of elastically 
scattered beams. Unfortunately, this method involves some general difficulties. The first of 
them is caused by the energy loss of any fragment within the target layer. Furthermore, the 
general requirement of identical conditions for the calibration and the data taking 
measurements fails. 
An alternative method applied in the present work delivers an intrinsic calibration 
based on the original raw data only. In the following the measured parameters (in chzinnel 
units of the ADC devices) are denoted for convenience in capital letters, the cülibrated 
physical values (in units of cm, ns, MeV etc.) in ma l l  letters. 
4.1.1 Cdibrntioiz of the coorditzntes of ttze positiotz-sensitive rrs*crlcmclze crmzters 
The absolute coordinate calibration of the PSACs is perforrned by using coordinatr: 
scatterplots of events measured in coincidence with the BICs positioned behind them. Thr: 
supporting structure of the window foil of the BIC generütes a shlidowttd Zone with li 
decreased rate (fig. 7). A geometrical model of the supporting structure is adjusted to the 
Center and to the dimensions of this image to achieve a complete agreement with the 
shadowed zone. This procedure gives the intrinsic scales which are used to define the module- 
oriented coordinates (x,y) of the registered event. The polar and azimuthal angles (*,(P) of the 
particle with respect to the target position can be calculated in a straightforward manner with 
reference to tab. 1. The uncertainties (Ax, Ay) lead to errors of AIY = Acp = 0.2'. 
4.1.2 Energy calibration of the Bragg chambers 
The calibration procedure for the residual energy (ER) of the fragments in the BICs 
makes use of the additional information concerning the fragment charge (Z), which is in 
particular available for IMFs from the Bragg-peak spectroscopy. This method of charge 
determination requires that the maximum of the energy-loss distribution (Bragg curve) of the 
fragment considered is located inside the sensitive volume of the BK,  i.e. between the 
cathode and the Frisch grid. In this case the measured Brügg peak-height (BP) is independent 
on the entrance energy of the fragment. 
An analytic expression of the dependence of the BP on Z for particles stopped in a 
P-10 gas-mixture has been derived in ref. [38], 
BP(Z) = C . exp (- 18.95 - Z - ) (1) 
where C denotes a scaling factor which has to be determined experimentally. In a wide range 
400 , the function BP(Z) can be rather well 
approximated by a linear expression (fig. 
24). This leads to the nearly equidistant 
particle branches observed in fig. 13. 
Fig. 24 Dependence of the Bragg peak-height (BP) 
on the atomic number (2) of charged fragments 
stopped in a P- 10 gas-mixture. The calculated values 
(eq. I) are indicated by Open circles. The line results 
from a linear regression analysis. It is defined by 
j the expression 
Abmic nurnber BP(Z) , i n =  C*.(12.511-2- 15.518). 
In practice the measurement of the Bragg-peak requires a sufficiently large entrance 
energy, especially for heavier fragments. The lower energy threshold depends on the operation 
Parameters of the BIC and the pulse-processing method, i.e. the electron drift velocity, the gas 
pressure, the integration time constant of the current pulse, and the total time interval of 
energy-loss integration. At typical operation conditions, the minimal necessary energy 
loss of an IMF for Z-identification amounts to e R min = 0.6 AMeV. 
If the fragments are stopped in the gas volume of a BIC, the measured value ER 
reflects the residual fragrnent energy at the entrance into the chamber gas (if the nuclear 
stopping is neglected or corrected for). 
The Situation changes for such kinetic energies which allow the fragments to pass 
through the entire chamber depth. In this case the energy loss within the gas-volume decreases 
with increasing entrance energy. This results is an upper limit for direct residual-energy 
measurement (e R nliu() and charge identification. It strongly depends on the composition and 
the pressure of the chamber gas, on the path length within the BIC, and on (A,Z) of the 
fragments. The upper energy thresholds e of the BIC were calculated for particles 
of Z = 2 s 10 (A = 2 - Z f 1) at P-10 pressures of 19,32 and 45 kPa (fig. 25) by use of 
the range-energy code STOPOW [39]. The dependence of the specific energy loss on A was 
approximated by the range parametrization R / A = r (E,Z). 
Fig. 25 Maximum energy losses in 
the gas volume of the BIC (eR 
-) 
calculated for selected particles at 
pressures of the P-10 gas-mixture of 
19.33 and 45 kPa. 
Under the condition of 
sufficient statistics, the energy 
points md ERrn= can 
easify be fixed for resolved Z- 
branches in the rmv-data 
matrix BP versus ER (fi3. 133. 
However, in particular for small 2 ,  particle branches of different isotopes may overlap 
(fig. 26). This complicates the unambiguous fixing of  ER^'^^ 
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Fig. 26 Part of a Bragg peak-height 
(BP) versus ER scatterplot of a BIC (cf, 
fig. 13). The events have been stored 
with respect to the calibrated energy 
scale (eR ). The points used for the 
calibration procedure are marked. 
In addition to these 
calibration points, the BDB [16] 
guarantees that the value ER = 0 
corresponds with the ADC 
channel number "zero". The 
remaining slope constant for the energy-calibration curve e~ (ER) is deduced by a linear 
regression analysis (fig. 27). 
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Fig. 27 Energy-scale calibration of the BIC 
comparing the calculated maximum energy losses 
lllax (eR ca,c ) with corresponding values ER measured 
for particles of Z = 2 + 8. A linear regression 
analysis (line) delivers the slope constant of the 
calibration curve. 
Tn order to perform a relative scaling between the BP-spectra of different BICs, the 
identified 2-branches are used for the determination of an "experimental" function BP(Z)exp. 
(Note that this intrinsic calibration does not relate to eq. (1) ! ). A BP-spectrum of events 
selected by gates over the energy intervals  ER^'" < ER < ERmax for each Z, respectively, is 
shown in fig. 28. 
Fig. 28 Bragg peak-height (BP) 
spectrum of selected fragments nt 
kinetic energies corresponding to the 
maximum specific energy losses. 
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The mean values < BP > of the peaks are cornpared with the corresponding Z in fig. 29. 
A linear regression analysis delivers the function BP(Z)eXP which can be used for scaling 
purposes. 
Fig. 29 Correlation between tiie rriean nieasured 
Bragg peak-height (BP) values of tlie frt~::tnetits niid 
the corresponding atoiiric nuinbers (21 for tlie satiie 
events as in the BP-spectrurn shown in fg. 78. A 
linear regression analysis dellvers tlie 
"experimental" scscaling tunetim BP'" PIZ). 
Atomic number 
4.1.3 Tii~ie cnlibratioiz of rlre positioiz-sensitive nvrrlarzclze couizters 
The absolute TOF calibration necessary for the determination of the fragment 
velocities is based on data selection according to Z, calibrated e~ and (-9,~). The mass 
number (A) for a given Z was estimated with respect to the line of P-stability. Together with 
the calibrated coordinates (x,y), the geometrical Set-up defines the individual TOF path-length 
d(x,y) of the fragments from the target to the PSAC considered. Taking into account all the 
pararneters known up to this moment, the energy losses Aei (Z, A, e~ , ni) in the k detector 
foils of areal density ni are successively calculated, starting from the entrance window of the 
BIC and following "backward" to the entrance foil of the PSAC. For sirnplicity it is assumed 
in the following that the fragment velocity is constaizt on the TOF path-length (d), but this 
procedure is also applicable in the general case, i.e. accounting for some energy loss on d 
(e.g. in the PSAC window foil). The tof-value is thereby determined by 
and can be compared with the TOF determined "event by event". The correlation between tof 
and TOF (eq. (3)) is shown in fig. 30. 
tof = ( TOF - TOF, ) - 8 tof / 6TOF (3) 
The slope constant Gtof / 8TOF is determined with an accuracy of < 0.5 % by use of a time- 
calibration pulse-generator. Hence, the absolute time-scale (eq. (3)) depends only on the 
constant TOF, which can be determined from the curve tof (TOF) obtained by a linear 
regression analysis (fig. 30). 
Evidently, there is a strong dependence of the resulting absolute time scale on the 
energy calibration as well as on the energy losses ( Aei ) . It should be noted, however, that the 
energy losses within the target layer do izot iitJ7uence the calibration at all. 
Aiming to check the consistency of this calibration procedure, a test measurement was 
can-ied out using a "'~f(sf) source. An additional transmission avalanche Counter was 
rnounted near the target position in order to generate the START-signal for the TOF 
measurement. (Else the tirning reference Signal is given by the RF of the cyclotron.) In this 
way the time cafibration was performed by means of a TOF-TOF-analysis for the paired 
fission fra,gnents recorded by two opposite detector modules. The absolute time-scale 
deduced from the TOF-TOF-analysis agrees with the time calibration described above within 
0.5 cl ns. 
Fig. 30 Absolute calibration of the 
TOF-scale. The measured values 
(TOF) are compared with those 
calculated by eq. (2) (tof „,, ) for 
selected events generated by particles 
with known pararneters. A linear 
regression analysis delivers the curve 
tof (TOF) for the determination of the 
constant TOF, of eq. (3). 
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4.2 Calibration of the scintillation detectors 
Since the total integrals of the light pulses of the CsI(T1)-scintillators are not recorded, 
the energy calibration is performed by comparison of simulated and measured particle- 
identification branches (fig. 18) [40]. A model of a two-component pulse-shape L(t) for LCPs 
(eq. (4)) was normalized to the non-linear and particle-dependent response of CsI(T1) 
(eq. (5) )  1411, 
L (t) = (h FAST/ 7 FAST) - exp (- t 1 2: FAST) + (h SLOW f z SLOW) - exp (- t ITSLOW) 
- (h FAST I 7 FAST + h SLOW I T SLOW) . exp (-t 1 7 FRONT) (45 
where .i;i is the rise and decay time constant of the scintillation light pulse, respectively, hi 
denotes the magnitude of the light components, S is the absolute scintillation effic-iency, tind 
a (Z,A) is a particie-dependent quenching constiint. 
Using appropriate empirical functions for the dependence of TFAST and of the ratio 
hsLow / h F ~ s ~  on the particle type (Z,A) and energy (E), and perfonning the integration of L(t) 
within the time gates (Atti, Atz) a particle-identification matrix has been simulated 
(fig. 31a). The punch-through energies of Protons, deuterons and tritons were used for 
adjusting the simulated to the measured particle-identification matrices. Additional 
normalization points are delivered by the tof-value of low-energy a-particles registered by the 
PSACs and stopped in the scintillators. The simulated particle-identification matrix then 
defines the absolute energy scales for all LCPs simultaneously [40] (fig. 3 Ib). 
, 4 ~ e  Fig. 3 1 Simulation of the 
II , ' , f . 6 ~ e  particle brrinches of an LCP- 
s 
(U I ,I' *He identitkation matrix for 
C , /' 
m -  ,- ,C' , 
r ,' 
, - 
CsI(T1) as it follows from 
\ t ,' 3 ,X' ,-' , ,' , the application of tlie pulse- 
9 shape anrilysis method 
(0 l a u  
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I I 
0 l a u  1500 2000 25W 3WO 
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Energy I MeV 
Energy-calibration curves for 
several LCP (lower panel). 
The calibration of the 
phoswich detectors of 
the forward array has 
been described earlier in 
ref. [24]. 
5. PHYSICAL OBSERVABLES OF CHARGED PARTICLES 
In the following we refer to a particle-oriented data Set, where each individual 
fragment (Z 2 2) is characterized by its calibrated parameters (3, T, tof, eR). For a large 
amount of recorded IMF the fragment charge (Z) is additionally deterrnined by Bragg-peak 
spectroscopy. It should be emphasized once more, that the applied calibration procedure does 
not suppose nny correlntion between the frngments registered in an event. 
From the calibrated data further physical observables can be derived, namely the 
fragment masses (m), the primary emission energies (e), and, eventually, the velocity and 
linear momentum vectors ( V ,  p). The main difficulties concerning m and e arise from the 
energy losses of the fragments in the (though very thin) detector foils. Since the energy loss, 
on the other hand, depends on Z and V, the mass determination requires to solve the following 
System of equations, 
where e, is the kinetic energy of the fragment at the START-position of the TOF 
measurement. It is obvious that e, influences both parameters tof and e ~ .  Concerning the 
fragments not identified by Z, a suitable A(Z)-relation has to be introduced into eqs, (6, 7). 
Since tof and e~ are fixed parameters, the solution of eqs. (6,7) is of importance because 
of the following reasons: 
(i) The effective thickness of the detector foils is a function of the PSAC coordinates (x,y). 
Additional uncertainties can be caused by non-planar surfaces and locd nonuniforrnities. 
(ii) The STOP-signal generated by the PSAC is position-dependent due to electronic 
signal delays. 
(iii) The e~ -values have to be corrected for the energy loss by nuclear stopping not rontained 
in ER- This so-called ionization defect was evaluated for P-10 applying the method 
described in ref. [42]. For fission fragments these corrections ürnount to 2 + 3 MeV. 
To solve eqs. (6, 7) an iterative procedure was developed [43]. For the processing 0f 
the extensive data Sets as being typicül for FOBOS experiments an acceferation of this 
procedure was achieved by dividing the task into several sieps. This rnethod Is described 
below in detail. 
In the first step, a Set of tables is generated by means of a simulation code, which 
calculates a grid of (tof, e ~ )  - spot points for a given Z. The input data for the calculation 
of the Z (tof, e ~ ,  F)-matrices are defined by the experimental conditions, i.e. the geometry of 
the Set-up, the compositions of the detector materials (window foils, electrodes, gas-filled 
sections), and the thicknesses of the different layers, which are assumed to be parallel to each 
other and planar. The factor F 2 1 (cf. eq. (8)) considers the position (i.e. angular) 
dependence of all distances and path lengths through the detector materials. The (x,y)- 
dependence is reduced due to the axial symmetry of the gas-filled detectors. The reniaining 
parameter is the angle E between the emission direction of the fragment (643) nnd the 
common normal of the detector layers. It is deterrnined by eqs. (8,9), 
F(x7y) = 1 / cos E (x,y) 
where L refers to the distance between the target 2nd the plane of the entrance foil of the 
BIC. 
Since the acceptance angle of the large gas-detector module corresponds to a 
maximal value cmaX = 16.5 O, the effective thickness of any layer penetrated by the fragments 
cannot increase more than 4.5 % with respect to the normal angle of incidence. Therefore, a 
relatively small number of spot-points within the limited range of F-values is enough to 
consider the (x,y)-dependence with sufficient accuracy. 
The second step, the "event by event" determination of the mass m, is based on the 
calculated tables. Firstly, the F-value is deduced, and the tof is corrected for its electronic 
position dependence. By means of a two-dimensional interpolation between relevant spot- 
points of the tables, an interval [Zi (tof,e~, F1 ) , Z2 (tof, e ~ ,  F2 )] is determined for the 
fragment charge considering Fl  < F < F?. The final result for Z is obtained from a linear 
interpolation with respect to F. Finally, the mass of the fragment can be deduced if the A(Z)- 
relation is given. 
Since the energy losses (E Aei ) can - in particular for FFs - exceed 50 % of the 
energy e, , the preparation of sufficiently accurate energy-loss data turned out to be the most 
critical point for the mass determination. In fact, were calculated by use of the code STOPOW 
[39], which represents a nlodified version of the algorithm developed in ref. [44]. A detailed 
analysis of the generated range-energy data Set, however, indicated that the so-called Z1- 
oscillations, observed for fragments of large Z at keV-energies [45], are overestimated at 
energies of E / A I  1 MeVIA. This can also be observed in the e~ versus tof plot of 
fig. 32, which was calculated for given Z and A(Z) at F = const. Since different Z-branches 
in some areas may even overlap, an unambiguous solution of eqs. (6,7) does not exist. 
10 20 30 40 50 60 70 80 90 
tof / n s  
calc 
Fig. 32 Calculation of e~ versus tof for a gas-detector 
module. The lines correspond to different atomic 
numbers (Z) of the particles. The range-energy tables 
used for the determination of the energy losses 
were calculated by means of the code STOPOW88. 
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Fig. 33 The Same calculation as shown in fig. 32, 
but by use of the modikied range-energy data set 
(See text) for the calculation of the energy losses. 
The distance between the lines corresponding to 
increasing Z changes here srnoothly. 
Test measurements with a "' Cf(sf) source were carried out to select FFs with known 
rnean C Z >  and < A >. Consistency with the calculated e~ versus tof data was obtained for 
these (C Z >,C A >) by an appropriate rnodification of the original range-energy data Set, 
Hence, the data for the remaining Z were deduced by a suitable interpolation. In this way, an 
"empirically improved" range-energy data Set was generated and used for the calculation of 
the e~ versus tof plot shown in fig. 33. The relation Z(tof, e~ , A) is then unarnbiguous, 
likewise the solution of eqs. (6, 7). To check these rnodified range-energy data, the FF mass 
distribution determined from the '" Cf(sf) measurernent is compared in fig. 34 with reference 
data taken from ref. [46]. The peak of the light fragrnent is well reproduced, the 
maximumdeviation at the largest frqrnent rnasses is = 7 a.m.u. A furthes anatysis showed 
(See section 6.2. l), that this approach is even valid up to A = 190. 
Fig. 31 Mass distribution of fission fragments 
(histograrn) derived from a measurement with a 
252 Cf(sf.) source. For compririson, the single-mode 
Gaussian approximation for the rnass distribution 
published in ref. [46] is shown (filled orea). The spectra 
are normalized at the peak of the light fragment. 
Fragment mass / a.m.u. 
In the third step the primary emission energy e ,  of the fragnient (A,Z) is cülc~ilated 
assurning a mean value for the thickness of the target layer. The areal density of the target is 
known, but a rnean val~ie arises due to the different emission angles of the hgxnents with 
respect to the target normal. In principle, a procedure analogous to that applied for the mnss 
determination could be developed with respect to e, too. When calculating e, (tof, e ~ t ,  X,  y), 
however, the additional energy loss of the fragments within the target layer must be taken into 
account. In the general case, the target layer is positioned under a fixed angle, e.p., in relation 
to the bearn axis. This distorts the axial symmetry of the experimental Set-up. Therefore, the 
simple pararnetrization for F(x,y) (eqs. (8, 9) ) is not yet valid, and a correct calculation 
would require a large number of prepared tables in dependence on the coordinates (x,y). For 
this reason, the eflective target thickness and the corresponding energy losses have been 
evaluüted 'event by event". Considering a value for the ionization defect Def [e, (A, 
Z, eR)J as given in ref. [42], the fragment energy e~ (ER) at the entrance into the gas volume 
of the BICs is used to sirnulate the history of the particle "backward" to the target. In this 
manner, both eo and tof were calculated as described in section 4.1.3. 
In the further analysis, the calculated tof is used to check the main condition for a 
correct determination of e~ , namely, that any calculated value must agree with the rneasured 
one if the fragrnent is stopped within the gas volurne of the BK. Otherwise, if the fragment 
passed through the BIC and lost there a sufficiently large arnount of energy, the tof 
calculated for this fragment is expected to be significantly lnrger than the rneasured one. In 
this cüse, the e~ deduced from ER is increused until the calculated tof agrees with the 
measured one. This last procedure enables to determine the e, also for those fragments which 
penetrüted the BIC (rnainly light IMFs). 
Finally, the linear momentum vectors ( p i )  of all the fragments (i) emitted in one event 
can be obtained from the individual (19, cp, V, A, Z). The accuracy of p is mass-dependent. It 
amounts to cr, / p = 3 5% for FFs of "' Cf(sf). 
6. EXPERIMENTS AT FOBOS 
In this chapter, some features of the actual performance of the spectrometer FOBOS 
are discussed. The main aim is more an illustration of the quality of measurements at low 
fragment multiplicities than the consequent derivation of physical results which are published 
elsewhere. With reference to a first series of experiments at FOBOS, several applications of 
this spectrometer are briefly treated. 
6.1 Fragment spectroscopy of spontaneous fission 
Considerable Progress in detection techniques for FFs has been achieved in recent 
years, and high resolution data have been obtained for spontaneous fissioning nuclides. With 
the help of a twin ionization chamber (E-E-method [47]) single FF masses could be resolved 
in the cold fission region [48]. This method looses its outstanding performance for lower total 
kinetic energies (TKE) of the FFs because neutron emission affects the measured energies. 
(Every emitted neutron additionally deteriorates the mass determination of the FFs by 
approximately U I ~  .= 1.5 a.m.u. due to the recoil. Furthermore, prior-to-fission and post- 
fission neutron emission quantities are rnixed in the analysis.) 
Correlation measurements for pairs of FFs from spontaneous fission have been 
performed at the FOBOS spectrometer applying the TOF-TOF-method [49]. The START- 
signd was delivered by either a channeI-plate detector or a transmission avalanche Counter, 
and the STOP-signals were generated by the large-area PSACs. By operatinp severai PSACS 
and correcting the position-dependence of the timing signals, the main drawback of most TOF 
measurements - their low geometrical efficiency - has been overcome. Although single 
masses were not resolved in the cold fission region, the TOF-TOF-nlethod provides the 
following advantages, especially at lower TKE (cf. tab. 31, when compiring to thc E-E- 
method: 
(i) For nuclides with a low fission branch, e.3. '"~m(sf) (1.5 . 106 U-particles per fission ), 
sufficient statistics of FF coincidences can be easily collected, because the avalanche 
Counters ase able to discriminate up to 107 U-signals per second [50, 511. At such rates, 
the E-E-method would fail due to the multiple pile-up of a-particle signals. 
(ii) The FF quantities derived by the TOF-TOF-method are prior-to-ne~itron-emission ones 
which are more directly connected with the physical phenomena studied in such 
experiments. 
(iii)The neutron emission affects the mass determination at least two times less than in the 
case of the E-E-method. Both methods essentially derive the FF mass ratio from the ratio 
of the measured quantities (eq. (10)) assuming momentum conseivation 
A certain relative change of a FF velocity component in flight direction (Avi / vi ) calises a 
relative change in the FF energy of Aei 1 ei = 2 . Avi / Vi . 
Another source of errors in the E-E-method is absent in the TOF-TOF-method, 
namely, the dependence of the meas~ired FF energy ratio on the sharing of the neutron 
emission between both fragments. 
A well known probIem of charged-particle spectroscopy is the occurrence of tails 
towards lower energy which are caused by scattering or impact on detector and constructional 
edges. This leads to a background of "wrong7' events with too low TKE. 
Fig. 35 Mass distribution of fission 
fragments of a "' Cf(st) source as 
measured by the TOF-TOF-~nethod 
(dashed line: all events; tiill line: 
seiected events; see text). 
A considerable reduction of such a background has been achieved by combining the 
TOF-TOF-analysis with the independent fragment mass deterrnination from tof and eR (see 
chapter 5). Since in most of the distorted events only one fragment is affected, the sum of 
the linear momenta of both FFs deviates from Zero. Therefore, the result obtained by the TOF- 
TOF-analysis differs from that based on tof and e ~ .  The events get ruled out, if the momentum 
sum derived from tof and e~ is larger than the experimental resolution (Ap =: + 200 
MeVIc), or if the difference of both results exceeds their uncertainties. With the help of such a 
check for consistency, the background at low TKE mentioned above can be suppressed 
(fig. 35). A value for the peak-to-valley ratio of 52 has been achieved in the FF mass 
distribution of ""f(sf) [52]. 
6.2 Fragmentation of hot nuclei 
6.2.1 TKE - Mass distributioizs of binnryfission of hot rzrrclei 
The TKE of the fragments is a measure of the Coulomb repulsion in the exit channel. 
It is closely connected with the geometrical and other conditions in a late state of the 
disintegration process. Since these conditions may change at high temperatures, one is 
interested in precise TKE-M data for the fission of hot nuclei. 
Fig. 36 TKE-M distribution of fragrnent 
pairs ernitted in the reriction ' 4 ~  (34 AMeV) + 
'"AU at large linear rnornenturn transfer. 
The we l  known classicul 
tools, e.g. the kinematical coincidence 
method [53] which uses certain 
kinematical boundary conditions to 
derive the interesting quantities from 
the measured velocity vectors of rhe 
0 fragments, involve increasingly Iwger 
0 50 100 150 
Fragment mass / a.m.u. uncertainties, if thc bornbarding 
energy is increast-d. The reason is that 
the c.m. frame of the fragrnents in the output channel deviates more and more from the c.m. 
frame in the input channel due to the fluctuating incomplete monlentum transfer in the e d y  
stage of reaction and due to fluctuations in the cascade of light-particle evaporation. 
The additional information delivered by the FOBOS modules - both fragment masses 
at scission are determined independently from each other - allows one to derive both the 
TKE and the velocity vectors in the frame of the fissioning system. In this way, any processes 
which happened before scission do not affect the measured TKE-M distributions. 
Reconstructing the total transferred linear momentum (LMT) from the parameters pi of all 
fragments in the collision and applying the massive transfer model [54], the excitation energy 
(E*) of the decaying system can be evaluated 155, 561. Furthermore, the low registration 
thresholds of FOBOS allow to measure TKE-M distributions in a wide range of the fragment 
mass and to study their dependence on the LMT. 
The TKE-M distribution of pairs of fragments emitted in the reaction 1 4 ~  (34 AMeV) 
+ 1 9 7 ~ ~ i  at large LMT is shown in fig. 36. It is characterized by a large arnount of symmetric 
fission and branches extending to very asymmetric mass splits. The mean TKE in dependence 
on the mass-asymmetry parameter was derived. Conclusions about energy dissipation and 
some confirmation of early theoretical predictions about an unique decay mechanism are 
given in ref. [57]. 
Fig. 37 Relative c.m. velocities (V,,) between binary 
fragments emitted in the reaction 
'N (34 AMeV) + '"AU. 
Fragment mass / a.m.u. 
The relative C. rn. velocities (V„,) between binary fragments from the reaction "?V (34 
AMeV) + ' 9 7 ~ ~  are given in fig. 37 in dependence on the mass number of one of the partners. 
The mean vaIues for nearly symmetric disintegrations are in accordance with the systematics 
of ref. [58]. Deviations from a fission-iike behavior were observed for very asymmetric 
binary decays. The lager  V, should be connected with a more compact configuration at 
scission [57]. 
6.2.2 Velocig analjsis of ternnr): decnys 
Hot nuclei with E* 5 280 MeV were produced in the reaction 7 ~ i  (43 AMeV) + 
' 3 7 ~ h  [59]. On a yield level of = 0.1 %, the dorninating fission channel is competed with IMF- 
accompanied fission (ZIMF = 3 + 8) [60, 611, as already observed in ref. [62]. The third 
companion in fission can also be an a-particle [63]. 
The independent measurement of the fragment Parameters in a 4n-geometry enables a 
velocity analysis with respect to the C. m. of the fissioning system. From both, FF masses and 
velocities, the frame of the fissioning system was derived, and the velocity of the third 
fragment was transformed into this frame. Two groups of particles with velocities 
above v,l = 2.5 cm ns-' and below 
1 
v,~ = 2.4 cm ns- , respectively, are 
clearly distinguished in the 
reaction 'W (34 AMeV) + I g 7 ~ u  
(fig. 38). 
Fig. 38 Relative velocity (v,~,) distribution 
of fragments from binary and ternary decays 
of the composite system created in the 
reaction 'N (34 AMeV) + "'AU. 
(full triangles: V, between fragment pairs in 
very asymmetric binary decays; 
full circles: V, between the IMF accomp- 
anying fission and the c.m. of the tksioninp 
system in ternary decays) 
The different dependence on E* of the yields of these two components [64] allows one to 
conclude that the high-energy component results from the emission of a hot compound-like 
nucleus, and the low-energy component arises from an emission during a later stage of the 
fission process near scission, where the System has a very deformed shape 1651. 
6.2.3 The clznrged-particle clock 
Since the gas-filled detectors of FOBOS are not sensitive to LCPs, correfations of fragrnents 
with LCPs can be investigated within a 4.n-geonietry. fnteresting possibilities are opened bs. 
the use of LCPs as a chasged-partick clock for fission of hot nudei f63,661. 
The principle of the adequate so-called neutron clock is described in ref. [67]. It is 
based on the discrirnination of prior-to-scission- and post-scission-emitted neutron yields 
which are connected with the time evolution of the fission process and the corresponding loss 
of E* of the hot nucleus. Conclusions on the dynarnics of the fission process [68, 691 can 
be made. 
At temperatures of the composite system higher than T = 3 MeV, LCPs compete with 
neutrons in the evaporation cascade [70]. Although the neutron multiplicity is larger than the 
LCP multiplicity, LCPs are usually registered with a larger efficiency. 
The effective solid angle of the scintillator shell of FOBOS (AQcsr - 4 sr) allows for 
coincidence measurements with a high statistical accuracy enabling the study of the interplay 
of fission and LCP emission of hot nuclei. Correlations of LCPs with FFs have been analyzed 
for the reaction 'N (53 AMeV) i- lg7At1 1601 to distinguish between different sources of 
LCP emission. 
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Fig. 39 The post-scission-ernittzci component of cc-particles (full triangles) was sepxated 
front the prior-to-scission-emitted one by a conelation analysis of the a-accompanied 
fission in the reaction "N (53 AhIifeV) t "!&U. The spectra of U-particles eniitted at a 
niean angle of 30aitnd 90" with respect to the fission axis are indicated by full Squares 
and full circles, rttspectiveiy. 
The post-scission-emitted component of U-particles could be separated from the prior- 
to-scission-emitted one by comparison of the spectra measured at different angles between the 
main fission axis and the direction of a-particle ernission. Under certain kinematical 
conditions the post-scission-emitted component occurs at a larger mean energy than the prior- 
to-scission-emitted one (fig. 39). 
The FOBOS spectrometer provides the means for a detailed study of, e.g., the 
dependence of the LCP components on the mass asyrnmetry of the disintegration, promising 
new insights on the dynamics of the fission process at large primary E*. 
7. SUMMARY 
The design, main measuring principles, detectors and service technique of the 
4n-fragment-spectrometer FOBOS were described. 
Particular attention has been paid to a detailed description of the calibration 
procedures developed, and to the derivation of physical observables from the meüsured 
values. The independent determination of the fragment parameters without any assumptions 
about the kinematics of the considered nuclear reaction plays a key-role for the investigation 
of the decay of hot nuclear Systems produced by incomplete fusion. 
The low registration thresholds and the broad dynamical range of the spectrometer 
make it a suitable tool for correlation measurements of charsed reaction products in the 
Fermi-energy domain where low fragment multiplicities dominate. 
The applied method of measurement has several advüntages for the study of 
spontaneous fission. 
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Tables 
Table 1 : Geometry of the FOBOS spectrometer in its normal position. 
I Module <(F" 
I I 
exit pentagon 
1 I hexagon 1 37.377' ( 1 : 90" 1 2 : 162" 1 3 : 234" 
2 1 pentagon 1 63.435" 1 6 : 126" 1 7 : 198" 1 8 : 270" 
5 ( pentagon 1 1 16.565" 1 21: 90" 1 22: 162' 1 23: 234" 
I I I I I 
3 I hexagon 
entrance 1 Pentagon 1 180" 1 I I 
I I I I I 
TabIe 2 : Geometry of the FOBOS forwürd amy. 
79.187" 
28: 270" 6 I hexagon 
11: 90" 
142.623" 1 26: 126" 
12: 162" 
27: 198" 
13: 234" 
Table 3 : Uncertainties ( 1 ~  1 a.m.u.) of the fragment mass deterrnination for 
different neutron multiplicities. 
from cold tission spectra of ref. [-B]. 
from 3' Cf(st1 data taken at FOBOS [57]. 
estimated value assuming a neutron kinetic energy of 2 MeV. 
Method 
E - E  
TOF-TOF 
0, ( On 1 
< 0.2 ' 
0.4 ' 
an, ( in 1 
1.5 
0.7 " 
0,(4n) 
3.5 " 
1.4 " 
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